Downloaded via UNIV OF NEW MEXICO on January 15, 2019 at 16:46:04 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry-o——=

pubs.acs.org/IC

Ground State Nuclear Magnetic Resonance Chemical Shifts Predict
Charge-Separated Excited State Lifetimes

Jing Yang, Domlnlc K. Ker51, Casseday P. Rlchers, Logan J. Glles, Ranjana Dan 1,
Benjamin W. Stem, Changjlan Feng, Christopher R. Tichnell,” David A. Shultz,*"

and Martin L. Kirk®"

TDepartment of Chemistry and Chemical Biology and iCollege of Pharmacy, The University of New Mexico, Albuquerque, New

Mexico 87131-0001, United States

SDepartment of Chemistry, North Carolina State University, Raleigh, North Carolina 27695-8204, United States

O Supporting Information

ABSTRACT: Dichalcogenolene platinum(II) diimine com-
plexes, (Lgg')Pt(bpy), are characterized by charge-separated
dichalcogenolene donor (Lgg') — diimine acceptor (bpy)
ligand-to-ligand charge transfer (LL'CT) excited states that
lead to their interesting photophysics and potential use in
solar energy conversion applications. Despite the intense
interest in these complexes, the chalcogen dependence on the
lifetime of the triplet LL'CT excited state remains
unexplained. Three new (Lgg')Pt(bpy) complexes with
mixed chalcogen donors exhibit decay rates that are
dominated by a spin—orbit mediated nonradiative pathway,
the magnitude of which is proportional to the anisotropic
covalency provided by the mixed-chalcogen donor ligand
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environment. This anisotropic covalency is dramatically revealed in the '*C NMR chemical shifts of the donor carbons that bear
the chalcogens and is further probed by S K-edge XAS. Remarkably, the NMR chemical shift differences also correlate with the
spin—orbit matrix element that connects the triplet excited state with the ground state. Consequently, triplet LL'CT excited
state lifetimes are proportional to both functions, demonstrating that specific ground state NMR chemical shifts can be used to
evaluate spin—orbit coupling contributions to excited state lifetimes.

B INTRODUCTION

Intersystem crossing (ISC) represents a fundamental non-
radiative decay mechanism for relaxation between electronic
states of different spin multiplicity.'~* As a result of the change
in spin state, ISC is an inherently spin-forbidden process.4 The
spin forbiddenness can be overcome via the spin—orbit
operator, which mixes states of different spin multiplicity.
The ability to obtain molecular-level control over excited states
that relax via nonradiative decay channels is central to
increasing our ability to harness technologically relevant
photoprocesses for the advancement of nanoscale molecule-

based photonics,”™” optoelectronics,””

14—18

1 solar energy con-
and photo-

In marked contrast to radiative

photochemical reactivity,*
19-21

version devices,
driven molecular motors.
triplet — singlet decay (i.e., phosphorescence), which is readily

“13 there exists a dearth of

correlated with molecular structure,
structure—property relationships directed toward understand-
ing the mechanism of SOC-promoted ISC. The typical
approach for increasing the rate of spin-forbidden nonradiative
decay is to employ a heavy atom with a large SOC constant.”

However, symmetry restrictions can dramatically alter and
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even eliminate first order out-of-state SOC contributions to
electronic relaxation via ISC.'

To gain additional insight into the nature of nonradiative T
— Sy ISC, we have synthesized a series of transition metal
complexes where the T, — S, relaxation to the electronic
ground state is governed by low-symmetry distortions that
derive from the chemical nature of the E/E’ donor atoms in a
series of (Lgg')Pt(bpy) (Lgg' = dichalcogenolene, bpy = 4,4'-
di-tert-butyl-2,2'-bipyridine) complexes (Figure 1). In previous
work," we suggested a mechanism to explain why complexes
with at least one heavy chalcogen underwent intersystem
crossing, while the dioxolene-containing complex (1-0,0") did
not. This mechanism involves symmetry-allowed and energeti-
cally favorable SO-induced ISC from S; — T, followed by
subsequent relaxation to T, for heavy-chalcogen containing
complexes, a process that is energetically uphill for 1-0,0’.
The consequence is that 1-O,0’ undergoes rapid radiationless
decay from S, while the remaining complexes emit weakly
from T,. In the present paper, we explain the chalcogen-
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Figure 1. (Top) Structures of (Lgg')Pt(bpy) complexes, 1-0,0’, 2-
0,8, 3-5,S, 4-0,Se, 5-S,Se, where EE' = O,S; S,5; O,S¢; S,Se, Pt = +2
oxidation state (d®), diamagnetic, square-planar transition metal ion, L
= dichalcogenolene donor (depicted in red), and bpy = diimine
acceptor (depicted in blue). The carbons bearing the chalcogens are
labeled C,. See the Supporting Information for NMR chemical shift
assignments. (Bottom) Electronic absorption spectra of (Lgg')Pt-
(bpy) complexes as solutions in methylene chloride.

dependent lifetimes for the weakly emissive, heavy chalcogen-
containing complexes (2-0,S—5-0Se). Specifically, we present
an extraordinary empirical correlation of SOC-induced T, —
S, nonradiative decay rates with the *C NMR chemical shift
differences between (Lgy')Pt(bpy) dichalcogenolene quater-
nary carbons, which are labeled as C; in Figure 1. This provides
a unique ground state spectroscopic predictor (NMR) of
molecular excited state lifetimes that also directly probes the
magnitude of the SOC matrix element that connects the T,
excited state with the Sy ground state.

B RESULTS AND DISCUSSION

Ligand-Dependent Nonradiative Lifetimes. A distin-
guishing feature of these chromophores is the presence of a
dichalcogenolene — diimine ligand-to-ligand charge transfer
(LL'CT) band in the visible region of the spectrum (Figure
1).”7> With the exception of 1-0,0’ catecholate com-
plex,”**” these complexes display phosphorescent emission
with LL'CT excited state lifetimes that are dominated by
nonradiative rate constants, which are markedly greater than
the radiative rate constants."””® The chromophoric 7-systems,
1-0,0’ and 2-S,S, both possess effective C,, symmetry when
neglecting the presence of the t-Bu substituents. In the C,,
point group, the HOMO and LUMO for 1-0,0" and 2-S,S
both possess b, symmetry. Thus, the ground state term for
these complexes is A, and this is also the term symbol for the
lowest-energy S, and T| LL'CT excited states." Inspection of
Figure 2 indicates that the nature of the chalcogen donor set
coordinated to the Pt ion determines whether ISC can occur in
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Figure 2. Jablonski diagrams for the observed photoprocesses in 1-
0,0’ (left) and the 2-0,5—5-S,Se complexes (right). S; and T,
(arising from the HOMO — LUMO transition) and S, and T,
(arising from the HOMO—1 — LUMO transition) are all LL'CT
excited states. Spin—orbit promoted intersystem crossing from S; to
T, is symmetry forbidden, while spin—orbit promoted intersystem
crossing from S, to T, is symmetry allowed. Note that intersystem
crossing from S, to T, in 1-0,0" does not occur due to the T, state
lying higher in energy than S, for this complex.

the excited state manifold to yield a triplet excited state. When
excited state ISC does occur, the nature of the E/E’ donor
atoms are observed to control the rate of nonradiative decay to
the S, electronic ground state. Recently, we compared the
relaxation behavior of 1-0,0’, which is observed to undergo
fast, nonradiative relaxation (zyg & 650 ps)*’ from its LL'CT
singlet excited state ('A;, S;), to complexes that possess
heavier chalcogen E/E’ donors and undergo ISC to emissive
LL'CT triplet states (zp, > 100 ns; ® 0.09)."%* As

summarized in Figure 2, the chalcogen dependence on
relaxation pathway is a consequence of exergonic, symmetry-
allowed SOC-promoted ISC from S; to T, (*A; — °B)),
followed by *B, — °A, IC to the T, excited state for 2-S,S.'
Since the 'A; — B, ISC is energetically uphill' for 1-0,0’,
this pathway is unavailable resulting in direct S; — S, IC being
markedly faster.

Spin—Orbit Coupling Contributions to ISC Rates. A
fundamental difference between spin-forbidden ISC and spin-
allowed internal conversion (IC) is that the square of the SOC
matrix element (i.e., (@5 |Hsocl@r,)*), which connects the two

~
em

states of different spin multiplicity, factors into the rate
equation for ISC.*° Under the assumption that all the
contributions (e.g., vibronic coupling and Franck—Condon
factors) to the rate equation except (@s|Hsoclpr, )’ are

identical for a series of complexes, the rate of intersystem
crossing (kygr) back to the ground state can be expressed as eq
1.4

(o [Ligy Y

2
i (ET - ESO)

1

kyg
(1)
which reduces to eq 2"* when the sum over all indices x, y, z is
relegated to only one direction (e.g. x).

(g \L oo )
AE’ )

The T,—S, energy gaps, AE, are essentially the same for the
entire series of compounds studied here, indicating that the
nonradiative relaxation rate differences across the series do not
result from an energy-gap law dependence. For C,, 3-S,S, there
is no spin—orbit matrix element that connects the T, (*A;) and

kyg
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So (*A,) states. This derives from the fact that there is no /L\l
operator that transforms as 4, in the C,, point group, resulting
in (gasul’L\ilgoTl) = 0. This spin-forbiddenness results in relatively

slow ISC rates for nonradiative relaxation to the electronic
ground state.

S K-Edge XAS and Anisotropic Covalency. X-ray
absorption spectroscopy at the S K-edge can be used to
address Pt—S covalency differences as a function of the mixed
dichalcogenolene coordination environment. This is important,
since a marked increase in the nonradiative rate constant, kyg,
relative to 3-S,S is observed when two different E,E’ chalcogen
donors are coordinated to the Pt! ion in 2-0O,S, 4-O,Se and §-
S,Se. This structural perturbation results in an effective
molecular symmetry lowering from C,, to C,. A manifestation
of removing the mirror plane and C, axis that relates the two S
donors in 3-S,S is that an anisotropic E—Pt—E’ bonding
scheme is introduced, with different Pt—E and Pt—E’ bond
lengths and covalencies. Coupled with the C,, to C, lowering
of symmetry, the anisotropic Pt—E covalency will permit a
rotation of Pt d-orbitals toward the softer E donor atom (Se >
S > O) (Figure 3) in the HOMO wave function, which is

,0'
s { . . )
;é 38, . ",..
s [
HOMO 3-§,8 LUMO
[ —
Re]
® . Og
g S"% S ok < o9
= o 1] 8
3 - ®
S HOMO 5-S,Se LUMO
<
g o / ‘ oy
o 2y : L |
T @ S0 v %3
e v v .
HOMO 4-0,Se LUMO
0, e S "%
./ | § W e oVIPeE" X )
\/SX e 1L r~ 11 e ’..&
HOMO 2-0,S LUMO

Figure 3. Left: cartoon illustrating d,, orbital rotation in HOMO.
Right: Ilustration of Kohn—Sham HOMO and LUMO set orbitals.
Note d, -orbital rotation as a function of the chalcogen substitution
and that there is no orbital rotation for 3-S,S.

predominantly Pt-dichalcogenolene in character. Markedly less
orbital rotation is expected in the LUMO since it is
predominantly Pt-bpy in character.”’ These orbital rotations
are important for inducing Pt d-orbital contributions to SOC,
which will modify the T; — S, decay rates. To address this
issue quantitatively, we have collected sulfur K-edge X-ray
absorption spectroscopy (XAS) data for 2-0,S, 3-S,S, and §-
S,Se (Figure 4). Sulfur K-edge XAS can quantitate the amount
of sulfur p-orbital character present in unoccupied valence
molecular orbitals (Figure 3). The sulfur K-edge transitions are
sulfur(1s) — sulfur(3p) + Pt(Sd) excitations with intensities
that are directly proportional to ¢, which is the square of the

sulfur(3p) atomic orbital coefficient (c;) in the LCAO (linear
combination of atomic orbitals) expansion of the virtual
Pt(5d) orbitals:****

P = |1 — 2 Pt(5d) — ¢S(3p) (3)

Since Pt is a d® ion in a square planar environment, only the
Pt d orbital is unoccupied. This in-plane Pt d,, orbital is o*
antibonding with the chalcogenolene donors, and the sulfur
character 1present in this orbital will reflect the anisotropic
covalency **7*” contributions to the E—Pt—E’ bonding
scheme in 2-O,S and 5-S,Se. This can be directly probed
through the intensity of the 1s — y*, transition at ~2472 eV.
We define the total sulfur 3p orbital character per hole (¢7) that

contributes to the intensity of the ~2472 eV 1s — y*,, pre-

edge peak according to eq 4:°>%
h ,
D, = —«¢’I
0 3N Gi s(1s—3p) (4)

where D, is the integrated area under this peak, h is the
number of holes, N is the number of absorbers, and I, is
the dipole integral for a 1s — 3p transition. We use Is(ls_,3p)
12 for the sulfur donors of the dichalcogenolene ligands™” in 2-
0,5, 3-S,S, and 5-S,Se. This I3, value is based on
previously published XAS data that relates the magnitude of
the dlpole integral with the sulfur 1s — 4p transition energy
position.”* For 3-S,S, we obtaln an experimental value of 22%
sulfur character (i.e, 0.22 = ¢ per S) admixed into the Pt d,,
orbital. This value for ¢’ is observed to decrease in S-S,Se
(19.8%), signifying a lesser degree of Pt—S covalency relative
to that of Pt—Se covalency. Conversely, ¢; is increased in 2-O,S
(22.5%) since the Pt—S bond is more covalent that the Pt—O
bond. These trends follow relative electronegativity and
chemical hardness®® values for O, S, and Se and clearly show
differences in Pt—E and Pt—E’ bonding for 2-O,S, 3-S,S and 5-
S,Se. Although 4-O,Se does not possess any S atoms and
cannot therefore be probed by sulfur K-edge XAS, the
observed trends in Figure 3 support an anisotropic bonding
scheme for 4-O,Se as well. We additionally observe a weak
shoulder at ~2471.25 eV that we assign as the 1s = y* 0
transition. The intensity of the lower-energy 1s — w* ymo
transition is anticipated to be markedly lower than the 1s —
w*,, transition, since the LUMO is almost entirely comprised
of bpy acceptor ligand character."””® The observed covalency
trends also support our anisotropic covalency argument
yielding nearly identical S p orbital character in the LUMOs
of 3-S,S and 5-S,Se (1.4%, 1.6% respectively) and an increase
to 2.8% S p orbital character for 2-O,S.

The results of the S K-edge XAS experiments show
anisotropic Pt—E covalency introduced by the difference in
the E and E’ donors in 2-0,S, 4-O,Se, and 5-S,Se. This is
consistent with the computational results of Figure 3, which
show that the Pt d,, orbital component of the dichalcogeno-
lene HOMO rotates toward the softer E donor atom (Se > S >
O) (Figure 4).*" Since the chalcogenide donor atoms are
equivalent in 3-S,S, no Pt d,, orbital rotation is expected. The
Pt d orbital rotation observed in the HOMO of 2-0,S, 4-0,Se,
and 5-§,Se is in marked contrast to the orientation of the Pt d,,
orbital component admixed into the bipyridine LUMO, which
should not rotate as much due to the low dichalcogenolene
contribution to this orbital and the near chemical equivalence
of the bipyridine N donors in this unoccupied LUMO. Thus,
the HOMO — LUMO one-electron promotion may be
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Figure 4. Sulfur K-edge XAS quantifies the degree of anisotropic
covalency that is responsible for Pt d-orbital rotation and enhanced
(T,IL,IS;) SOC. Band 1 (red): 1s — LUMO transition; band 2
(blue): 1s — Pt yz transition. The black dashed line is the fit to the
rising edge.

described in terms of a Pt d,, orbital rotation upon formation
of the S, excited state. This orbital rotation results in nonzero

<¢SO|E|¢T,> SOC matrix elements, which provides the

dominant mechanism for enhanced T, — S, nonradiative
decay rates in 2-O,S, 4-O,Se, and 5-S,Se relative to 3-S,S.
Complete active-space self-consistent field (CASSCF) calcu-
latations’” have been utilized to compute the <§”solfi|§0T,> SOC

matrix elements that figure prominently in eq 2. In Figure §,
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Figure 5. Square of the “ene” quaternary carbon *C NMR chemical
shift difference and square of the SOC matrix element versus *LL'CT
excited state lifetime. Note that the values for the '*C NMR chemical
shift difference and square of the SOC matrix element have been
divided by the square of the T|—S, energy gap squared according to
eq 2.

we plot ((psol_’L\il(pTl)z/AE2 (AE = E; — Eq, from emission
spectroscopy), which shows the expected increase in the
nonradiative T; — S, decay that follows the trend predicted
from eq 2.

Moreover, the static E—Pt—E’ bond distortions present in 2-
0,S, 4-0,Se, and 5-S,Se (e.g,, note unequal computed Pt—E
and Pt—E’' bond lengths in Figure 4) can be used to

understand the nonradiative decay mechanism for 3-§,S,
where (@ |Llpr,) = 0. The decreased lifetimes observed for

2-0,S, 4-0,Se, and 5-S,Se all result from an in-plane distortion
that closely resembles the in-plane b, antisymmetric S—Pt—S
stretching vibration in 3-§,S (C,, symmetry). Dynamic
distortions along this vibrational coordinate contribute to a
vibronic spin—orbit coupling mechanism that facilitates T, —
So relaxation for 3-S,S. The expression for vibronic spin—orbit
coupling is given by eq 5:*

0
i(lAllﬂsoPAO # 0forI, = a,, by, and b, )

where Hq is the spin—orbit operator, and the [q are the
irreducible representations of the C,, normal modes that
promote vibronic spin—orbit coupling. This description of
vibronic spin—orbit coupling® is similar to Herzberg—Teller
coupling,** which overcomes the Laporte parity forbiddenness
of ligand field transitions in centrosymmetric transition metal
complexes through vibronic coupling and also involves odd-
parity vibrations of the molecule. Although out-of-plane a, and
b, vibrations will also contribute to this vibronic spin—orbit
coupling mechanism, the in-plane b, antisymmetric S—Pt—S
stretch is clearly a dominant contributor, as shown by our
analysis of the static nonradiative decay mechanism observed
for 2-0O,S, 4-0,Se, and S-S,Se.

NMR Spectral Probes of Anisotropic Covalency, SOC,
and Lifetimes. How then can one “visualize” or consider a
common spectroscopic manifestation of ISC that is mediated
by out-of-state SOC? Such an observation would allow for a
truly unique magneto-structural correlation that would provide
keen insight into electronic and geometric structure con-
tributions to nonradiative decay processes. In the present case,
the origin of enhanced nonradiative T, decay is rooted in
dissimilar Pt—E and Pt—E’ bond covalencies that contribute to

both static and dynamic modulation of (gosolfilanl). Although

direct spectroscopic probes of the chalcogens themselves are
possible, albeit limited (e.g,, sulfur K-edge spectroscopy (e.g,
sulfur K-edge spectroscopy, Figure 4), the differences in
electron densities and electronegativities that result in
dissimilar Pt—E and Pt—E’ bond covalencies are conveniently
observed and sensitively detected in the different *C NMR
chemical shifts of the quaternary carbon atoms bearing the two
different chalcogens AS(C,—E) in Figure S; see also Figure 1
and Table 1. This is primarily due to chalcogen electro-
negativity changes that alter the C; electron densities,”’ which
in turn affect the paramagnetic contributions to the nuclear
shielding constants."”

Table 1. Excited State Lifetimes, Select ">*C NMR Chemical
Shifts, and SOC Matrix Elements for (Lgg’)Pt(bpy)
Complexes”

2-0,S 3-S,S 4-0,Se 5-S,Se
Toa (ns) SI+10 614+10 71+10 525+ 10
AS(C—E) (ppm) 416 0 529 12.4
(@s,LJopr) (em™) 64 0 74 30
T, - S, emission (eV)  1.68 1.77 1.64 1.77

“TA = transient absorption; energy units in wavenumbers. See the
Supporting Information for TA experimental details and computa-
tional details.
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Remarkably, ground state *C NMR chemical shift differ-
ences allow one to interpret computed ((PSJEWT,) matrix

elements and furthermore predict the effectiveness of excited
triplet state nonradiative decay pathways that are promoted by
SOC. This result is illustrated graphically in Figure 5, which
dramatically shows the relationship between triplet excited
state lifetime and (1) the square of the quaternary carbon
NMR chemical shift differences (AS(C,—E))* and (2) the

square of the CASSCF computed (qosol/L\xl(pTl) SOC matrix

elements. The linear relationship between the T, — S lifetime
and the square of the SOC matrix element (eq 2) follows from
theory."**° We note that the experimental data points for

(A5(C,—E))? are nearly coincident with those of (qasolfxlqul)z.

This empirical observation indicates that the '*C NMR
chemical shifts are accurately reflecting the anisotropic

covalency contributions to (q)solff;lguTl)z and how this matrix

element dominates nonradiative decay rate differences in the
2-0,S—5-S,Se series. Thus, differences in C—E,E’ and Pt—E,E’
bonding observed in this series of compounds reflect how the
different chalcogen atoms interact with both C and Pt. The
differences in C—E,E’ and Pt—E,E bonding are manifest in the
chemical shift perturbations on the dichalcogenolene quater-
nary carbons and anisotoropic covalency in the E—Pt—E’
bonding, respectively. Anisotropic covalency in the E—Pt—E’
bonding scheme is important for inducing critical Pt d orbital
rotation differences in the HOMO and LUMO orbitals of this
series, leading to predictable T, — S, lifetimes that are
controlled by SOC.

B CONCLUSIONS

We present a rare example of a ground state spectroscopic
probe that is both straightforward and easily measured
(NMR), which directly correlates with an excited state lifetime
that connects states of different spin multiplicity. The three C;
symmetry (Lgz')Pt(bpy) complexes with mixed chalcogen
donors, 2-0,S, 4-0,Se, and 5-S,Se, display reduced non-
radiative T; — S lifetimes relative to C,, symmetric 3-S,S.
Sulfur K-edge XAS spectroscopy directly shows anisotropic
covalency contributions to the E—Pt—E (E = O, S, Se)
bonding scheme that is provided by the mixed-chalcogen
donor ligand environment. This anisotropic covalency, coupled
with C,, —» C, symmetry lowering, activates a SOC-mediated
nonradiative T; — S, ISC relaxation pathway. Here, the decay
rate is proportional to the Pt d,, orbital rotation that occurs
upon relaxation from the LUMO to the HOMO. Notably, this
anisotropic covalency is revealed in the 3C NMR chemical
shift differences between the quaternary carbons covalently
bound to the chalcogen donors in 2-0O,S, 4-O,Se, and 5-§,Se.
These C,—E chemical shift differences are shown to directly
correlate with the CASSCF computed spin—orbit matrix
element that connects the T excited state with the S, ground
state, providing an empirical connection between computed
out-of-state SOC matrix elements and ground state spectro-
scopic observables. Since the LL'CT triplet excited state
lifetime is observed to increase with the square of both these
functions, our results provide an illustrative example of ground
state. NMR data exposing out-of-state spin—orbit coupling
contributions to excited state triplet state lifetimes. These
results represent a truly unique excited state magneto-
structural correlation, which are expected to apply to other
chromophoric systems where metal—ligand anisotropic co-

valency is important. Further studies associated with this topic
are currently underway.

B EXPERIMENTAL SECTION

General Experimental. Complexes 2-0O,S, 3-S,S and 5—S-Se
were prepared as described previously.' Complex 4-O,Se was
prepared as described in the Supporting Information, page S24, and
its triplet excited state lifetime was determined as described
previously."

X-ray Absorption Data Collection and Analysis. The S K-edge
X-ray absorption spectra of 2-O,S, 3-S,S, and 5-S,Se were collected at
the Stanford Synchrotron Radiation Lightsource under standard ring
conditions of 3 GeV and ~500 mA on the unfocused 20-pole 2 T
wiggler side-station 4—3, equipped with a liquid N, cooled Si(111)
double-crystal monochromator for energy selection. All complexes
were measured as solids ground directly onto Kapton tape and
collected at 90° to the incident beam to avoid fluorescence self-
absorption. The beamline was optimized at 2740 eV. Na,S,0;-5H,0
was used as calibrant with a maximum pre-edge feature at 2472.02 eV.
S K-edge spectra were collected in the energy range of 2420—2740 eV
using an unfocused beam in a He-purged fly path at room
temperature using a Passivated Implanted Planar Silicon (PIPS)
fluorescence detector (CANBERRA). The energy calibration, back-
ground correction, data averaging and normalization was accom-
plished with ATHENA, which is part of the Demeter software
package version 0.9.24.” The pre-edge features were fitted in Athena
using pseudo-Voigt functions and one arctangent step line function
for the rising edge. Integration of the pseudo-Voigt functions were
performed to define the integrated area of each peak. All parameters
of the pseudo-Voigt peaks were allowed to float.

Transient Absorption Lifetime Data. The transient absorption
kinetic data were collected using an Edinburgh LP920 laser flash
photolysis spectrometer. The excitation source was a Q-switched
Continuum Surelite I-10 Nd:YAG laser with a 5 ns pulse width
operating at 10 Hz. The excitation pulse was passed through a
Continuum Surelite OPO system in order to generate excitation
wavelengths in the 400—710 nm range. The pulsed laser source (S
mJ/pulse) was tuned to the maximum absorption wavelength of the
sample and focused onto a quartz fluorescence sample cuvette (Starna
Cells Inc., path length: 5 mm). Transient absorption and emission
spectra were collected using a DH720 ICCD camera mounted on a
TMS300 symmetrical Czerny-Turner triple grating monochromator.
A Xe lamp was used as the light source for measuring kinetic data at
nano- microsecond time scales. The kinetic traces were detected using
a red sensitive Hamamatsu R928 photomultiplier covering the 185—
870 nm region. Signals from the PMT were recorded on a Tektronix
TDS3012C digital storage oscilloscope. All solution data were
collected in dichloromethane.

Computational Details. Spin-restricted gas-phase geometry
optimizations for all compounds were performed at the density
functional level of theory (DFT) by using the Gaussian 09 software
package.’" All the geometry optimizations employed the PBEPBE
functional and a def2-TZVP all electron basis set for all the atoms.
Using the molecule builder function in the Gaussview 03 software
package, the input files were generated. The frontier molecular
orbitals were generated for the geometry optimized ground states.
The CASSCF method was used to compute reduced spin—orbit
coupling matrix elements between lowest triplet states (T,) and the
electronic ground state (S). The software program ORCA 4.0% was
used for the CASSCF computations, where a 4-electron-in-3-orbital
(HOMO-1, HOMO, and LUMO) active space was constructed
using an all-electron basis set. S K-edge XAS computations were
conducted using ORCA (version 3.0.3) on the optimized geometry.*”
The def2-TZVP basis set, BILYP functional, the zero-order regular
approximation (ZORA) were used.
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